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Abstract

In order to determine how functionalized gold nanoparticles (AuNPS) interact in a near-
physiological environment, we performed all-atom molecular dynamics simulations on the
icosahedral Auq44 nanoparticles each coated with a homogeneous set of 60 thiolates selected from
one of these five (5) types: 11-mercapto-1-undecanesulfonate —SC11H»>—(SO37), 5-mercapto-1-
pentanesulfonate ~SCsH10(SO37), 5-mercapto-1-pentaneamine —S*10H(NH3*), 4-mercapto-
benzoate —SPh(COQ"), or 4-mercapto-benzamide —SPh(CONH3*3). These thiolates were selected
to elucidate how the aggregation behavior of AuNPs depends on ligand parameters, including the
charge of the terminal group (anionic vs. cationic), and its length and conformational flexibility.
For this purpose, each functionalized AuNP was paired with a copy of itself, placed in an aqueous
cell, neutralized by 120 Na*/CI~ counter-ions and salinated with a 150 mM concentration of NaCl,
to form five (5) systems of like-charged AuNPs pairs in a saline. We computed the potential of
mean force (the reversible work of separation) as a function of the intra-pair distance and, based
on which, the aggregation affinities. We found that the AuUNPs coated with negatively charged,
short ligands have very high affinities. Structurally, a significant number of Na* counter-ions
reside on a plane between the AuNPs, mediating the interaction. Each such ion forms a “salt
bridge” (or “ionic bonds”) to both of the AUNPs when they are separated by its diameter plus
0.2~0.3 nm. The positively charged AuNPs have much weaker affinities, as CI~ counter-ions form
fewer and weaker salt bridges between the AuNPs. In the case of Auy44(SC11H22(SO37))go pair,
the flexible ligands fluctuate much more than the other four cases. The large fluctuations disfavor
the forming of salt bridges between two AuNPs, but enable hydrophobic contact between the
exposed hydrocarbon chains of the two AuNPs, which are subject to an effective attraction at a
separation much greater than the AuNP diameter and involve a higher concentration of counter
ions in the inter-pair space.

INTRODUCTION

The applicability of functionalized gold nanoparticles (AuNPS) in the improvement of
diverse biomedical procedures is a promising area of research. For this reason, the
interactions between AuNPs and biologically relevant molecules and aggregates such as
those in cell membranes have been studied using both in vitro/vivol-” and in silico8-11
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experiments. Other interaction partners of AuNPs considered in the literature include
amyloids,12 viruses,13 bacteria,1* proteins,> 16 and DNA.17 An example of the use of
AuUNPs in the improvement of a medical procedure was a study conducted on mice bearing
brain tumors:18 the AuNPs were functionalized by selective targeting of ligands and injected
intravenously. The ligands allowed them to diffuse through the cancer cell membranes and
deliver a photodynamic therapy agent able to induce cell death once light was applied on it.

A decisive factor in the nature of AUNPS’ interactions is thus the properties of their
protecting ligands. However, one consequence of modifying the choice of ligands is that the
AUNPs’ aggregation tendency may be affected. Depending on the intended medical
application, a high propensity to aggregate may be a desirable property, and may even be
tuned by modifying the ligand.19 On the pm-scale, numerous studies performed on charged
colloids interacting in electrolyte solutions have shown that they display attraction when
equally charged.20-30

Our main objective in this paper is to study the interactions between functionalized charged
Au144(SR)go nanoparticles in a near-physiological environment (150-mM NaCl; 1-bar;
298K) for ligands with various lengths and flexibilities. For this purpose, we consider five
different charged thiolate groups: 11-mercapto-1-undecanesulfonate —SC11H22(SO37)
(MUS"™), 5-mercapto-1-pentanesulfonate —SCgH1(SO3™) (MPS™), 5-mercapto-1-
pentaneamine —CsH1o(NH3*) (MPM), 4-mercapto-benzoate —~SPh(COO~) ((MBA"), and
4-mercapto-benzamide —SPh(CONH3*) (pMBM™). The functionalized nanoparticles are
shown in Fig. 1 and a more detailed view of the core and selected groups are shown in the
electronic supplementary information (ESI), Fig. S1. A comparison of selected properties of
each ligand is presented in Table 1. Some preliminary results were published in a recent
communication.31

We first conducted equilibrium molecular dynamics (MD) simulations, of 20-ns duration, on
each of the five AuNPs interacting singly with the saline environment. Using the
equilibrated structures so obtained, we formed five distinctive pairs of AuNPs (see Table 2)
and built five all-atom model systems of AuNP pair in the saline environment. We then
conducted equilibrium MD and nonequilibrium steered MD (SMD) runs on each of the five
(5) systems. We calculated the potential of mean force (PMF) as a function of the distance
between the centers of mass of the Au cores, as they were pulled toward each other in the
SMD simulations.

METHODS

Simulation Parameters

Interaction parameters for sulfur and gold (Au-Au and S-Au) are from Ref. 33. All other
interactions were represented by the CHARMM36 force field,34 3° to which were added the
van der Waals (vdW) parameters for gold: o = 1.66A and & = —0.106 kcal/mol. Water was
represented with the TIP3P36 model. The cut-off distance applied to the vdW interactions
was 1.0 nm, with a switching distance of 0.9 nm and a pair-list distance of 1.2 nm. Langevin
dynamics was implemented with a 1.0-fs time-step for short-range interactions and 4.0 fs for
long-range interactions, and with a Langevin damping of 5.0 ps~1. Temperature and pressure
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were maintained at 298 K and 1.0 bar. Periodic boundary conditions were applied in all
directions. Full electrostatic interactions were computed through the Particle-Mesh Ewald
(PME) method.

Building Single AuNPs

The procedure of building an AuNP was the following: Starting from the structure of
Au144Sg0 taken from Refs. 37-39, one attaches, without regard for the C-S bond length, one
ligand R-group to each of the 60 S atoms on the NP surface, thus forming a monolayer-
protected Auq44(SR)gp gold nanoparticle, whose initial structure is far from equilibrium.
Second, one fixes the coordinates of the Au144Sgg core, minimizes the NP's energy, and
subsequently equilibrates (at 298 K) in vacuum for 1 ns (as shown in the ESI, Fig. S2). The
AuNP thus formed is then placed in a cubic 103-nm aqueous cell; neutralized with Na*/Cl~
counter-ions, salinated with 150 mM of NaCl, and then re-equilibrated. Subsequently, all
atomic constraints are removed, the system equilibrated for 20 ns, and the core-structure
stability is verified, in every case, by an RMSD of ~ 0.03 nm (Fig. 2), thus confirming the
validity of the interaction parameters selected.

Forming AuNP Pairs

To form the systems of AuNP pairs, the coordinates of the five AUNPs were extracted from
the end of the 20 ns equilibration in saline. An equilibrated AuNP was replicated at a center-
to-center distance of 5 nm. The pair is then placed in a 10 x 10 x 20 nm?3 water cell,
neutralized by 120 of Na*/CI~ counter-ions, and salinated with 150 mM NaCl. One of the
five systems so formed is illustrated in Fig. 3. Each system was then equilibrated for 20 ns
while keeping fixed only the 12 central (Au) atoms of each inorganic core.

SMD Procedure

The PMFA40-45 was computed, as a function of the distance, r, between the centers of mass
(COM) of the AuNPs’ cores, using the multi-sectional scheme of Ref. 46. The starting
positions of the two Au144Sgo cores” COMs were set at locations (x,y,z) = (0,0,£2.5) nm.
The trajectory was then divided into sections of 0.2 nm in length. The central Auy, units
were pulled through NAMD?#’, as adapted for steered molecular dynamics (SMD) from
section i to section ix1 at a speed of 1.0 nm/ns, and the system was subsequently
equilibrated for 1.0 ns once section i+1 was reached. Three additional equilibrium states
were generated, at each section, by conducting 0.01 ns of equilibrium MD, for a total of four
states per section.

For each state of each section, the COMs of each of the Auy, unit were then pulled
backward and forward a distance of 0.1 nm (for a total change in separation of 0.2 nm) at a
speed of 1.0 nm/ns, as illustrated in the ESI, Fig. S3. The work done to the system along
these pulling paths was then employed in the Brownian-dynamics fluctuation-dissipation
theorem”8 to compute the free-energy difference (reversible work or PMF) as a function of
the center-to-center distance:
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Here Wyj_,7 is the work done to the system along a forward path when the NP pair is
steered from z; to zj41 (z CHzj,zj+1]); Wzi+1—7i — Wzi+1-7 is the work for the part of a
reverse path when the NP pair is pulled from z to z;; kg and T are the Boltzmann constant
and the absolute temperature.

Computation of Affinities

By combining the free-energy differences (the PMFs) over all sections, we obtain an overall
PMF curve, PMF(r), as a function of the center-to-center distance, r = 2|z|. Using PMF(r)
and following the standard literature, we obtain the aggregation affinity in terms of
dissociation constant as follows:

kp=co/ [ dramr? exp[—PMF (r) [k,T]co. ()

Here cg is the standard concentration. For convenience of unit conversion, we use ¢y = 1M in
the numerator and ¢y = 6.023 x1071 / nm3 in the denominator. The binding energy, the free
energy of aggregation, is

AG= k,TInlk/c)
= —k,Tin [cofg*dr47rr2 exp[—PMF (r) /k’BT]] . ©

Here r* is the cut-off separation beyond which the AuNPs are considered in the dissociated
state. For System I, we took r*=4.5 nm and, for all other systems, r*=4.0 nm.

RESULTS AND DISCUSSION

Single-AuNP characteristics

Figure 4 shows the fluctuations (RMSDs) of the ligand terminal groups, calculated from the
trajectory of the 20-ns MD run for each AuNP in solution, and excluding the overall
diffusion and rotation of AuNP. The largest ligand fluctuation (= 1.0 nm) belonged to
MUS™, while pMPA™ and pMBM™ had the lowest values at <0.2 nm. The ligands in order of
decreasing amount of fluctuation were thus: MUS™ > MPS™ &~ MPM* > pMBA™ ~
pMBM*. MUS™ fluctuates much more than MPS™ because its hydrocarbon chain is longer,
and MPS™/MPM™ fluctuates more than pMBA™ because the (-CH,)s- chain is more flexible
than the phenyl (-CgH3-) ring in pMBM+/pMBA™.

The water-AuNP pair correlation g(r) is plotted in Fig. 5 as a function of the distance from a
water molecule (represented by its oxygen) to the surface of the AuNP. (The AuNP surface
is defined by the ligand atoms that are in contact with the solvent water molecules.) Note
that in the case of negatively charged AuNPs, the peak of the first hydration shell was
displaced farther from the surface than the case of positively charged AuNPs.
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The first peak was higher when the ligand was shorter (compare MUS™ vs MPS™),
indicating stronger interaction between water and the terminal group of a shorter ligand that
fluctuates less (Fig. 4). Three solvation shells (peaks in g(r)) can be unambiguously
identified when the AuNP is positively charged, while only one is pronounced around the
negatively-charged AuNP. The cause of this is related to the difference in size of the
counter-ions. The van der Waals radius of Na* employed in the CHARMM36 force field is
0.136 nm, while the one for CI™ is 0.227 nm. Because they both have the same charge
magnitude, the charge density of Na™ is thus higher than that of CI~, which is why Na*
interacts with water more strongly than CI~. As pointed out in Ref. 49, small ions are called
“structure makers” because the water in their innermost region is strongly bound to them,
thus forming a well-defined ion-water complex. Larger ions are called “structure breakers”
because their influence on water is mainly to disrupt its hydrogen-bond network. Na* thus
interfered more than CI~ with the water structure created by the AuUNP around itself. The
stronger attraction of water to Na* also explains why the peak of the first hydration shell is
higher for the negative AUNPs (compare MPS™ vs. MPM* and pMBA™ vs. pMBM™).

The radial distribution of the ligands’ terminal groups and the absolute value of the total
ionic charge density are shown in Fig. 6, wherein the COM of the AuNP's core is set at the
origin. The distribution of terminal groups is more dispersed for the ligands with higher
fluctuations, as was expected from Fig. 4. As for the ionic charge distribution, it is similarly
spread over a larger volume as the ligand's fluctuation increased (compare MUS™ vs MPS™,
MPS~ vs pMBA™, and MPM* vs pMBM™). For those ligands whose fluctuation was similar
but whose charge sign was opposite, the charge distribution was more dispersed about the
negatively charged one (compare pMBA™ vs. pMBM™* and MPS~ vs. MPM*). Because the
Cl~-water complex is less tightly bound than the Na*-water complex, the CI~ ion is able to
escape from its hydration shell and to concentrate densely on the AuNP surface, forming
contact ion-pairs with the terminal groups.

The counter-ion distributions were fitted to the Debye-Hickel description around a charged
NP: Arle7Br + C where B71 is the Debye length®C. The results, presented in the ESI Fig.
S6, confirm that the more the ligands fluctuate (i.e. the longer and more flexible it was), the
better the Debye-Huickel description applied to the counter-ion distribution. The Debye
lengths for those systems that showed a good fitting (RMS of residuals less than 0.1) were:
0.47, MUS™; 0.26, MPS~; and 0.13-nm, MPM™*. For the two cases of rigid ligands, the
Debye-Huckel formula does not seem to fit even qualitatively.

Finally, the self-diffusion coefficients of Na* and CI~ (table 3) were calculated for each NP
type in the NPT ensemble, and also for a salinated water cell in the absence of NP (the
control system). They were obtained from the mean-squared displacement (MSD) using the
Einstein relation (see ESI Figs. S7 for details). The diffusion constant of Na* is less than that
of CI™ in all systems, irrespective of the presence of AuNPs. This can be easily attributed to
the fact that the Cl~-water complex is less tightly bound together than the Na*-water
complex (see Fig. 7, top left and bottom left). The presence of AuNPs does not significantly
alter the diffusion constant of like-charged ions (Na* for AuNP* and CI~ for AUNP™) from
the values of the control system. An AuNP does reduce the diffusion of its counter-ions by
11 to 33%. This is partly due to the fact that a number of counter-ions are tightly bound to
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the AuNP and thus move along with the ligand terminal groups. The reduction of the
counter-ion diffusion is more dramatic when the ligands’ fluctuation is smaller (compare
MUS™ vs. MPS™ vs. pMBA"). This indicates that rigid ligands are more favorable for
counter-ion binding.

Moreover, the ionic bonds binding Na* to -COO™ are stronger than the hydrogen bonds
binding CI~ to -NH *3, as pointed out in Ref.50 (see Fig.7, right). When considering only
electrostatic and van der Waals forces, and disregarding water, the energy of binding of the
counterions to the terminal groups were —125 kcal/mol for Na*-COO™, -112 kcal/mol for
Na*-SO ~3 and —73 kcal/mol for CI™-NH *3 (the corresponding configuration of minimum
energy is illustrated in the ESI, Fig. S8). Despite the same charge-magnitudes shared by all
terminal groups and counter-ions, the differences in van der Waals radii and molecular
geometry restrict the approach of opposite charges to different extents.

AuUNP-AuUNP interactions

Nonequilibrium SMD runs have been performed on each system listed in Table 2. The PMF
profiles extracted from the SMD runs are presented in Fig. 8 to Fig. 10 and analyzed below
in this section. (The curves of work done on the systems are shown in the ESI, Fig. S9.)
Table 4 presents a summary of the main characteristics of Systems I to V, along with those
for a pair of glutathione-coated Auy44 (noted here as GS™-GS™) whose PMF was presented
in Ref. 31.

The MUS™-MUS™ AuNP pair (System 1) is distinctive from all other pairs (Systems Il to V).
Its PMF is shown in Fig. 8. The ligands fluctuate with large amplitude at equilibrium (Fig. 4
and Fig. 6) due to their length (11 hydrocarbons) and flexibility. These large fluctuations
cause the charge carried by this AUNP~60 to be unscreened by counterions even though Na*
interacts with the ligand's SO3~ terminal group. The counter-ions instead concentrate in the
inter-AuNP space when the two AuNPs are at an optimal separation (~5.7 nm), giving rise
to a PMF well.

When the two MUS™-AuNPs are forced closer to one another, the interspace counter ions
dissipate away and the net charges carried by the two AuNPs cause a large range of
repulsion between them (3.7 to 5.7 nm). Further reducing the separation, partial contact
between the two AuNPs starts at around 3.7 nm and the repulsive interaction continues until
about 3 nm in separation.

At a separation of about 2.5 nm, there is a significant PMF well indicating attraction
between the two AuNPs. At this separation, the long ligands mostly bend out of the inter-
AUNPs space so that the hydrophobic hydrocarbon chains are exposed toward one another,
in agreement with the observations in Ref. 19. The hydrophobic interaction between the two
AUNPs gives rise to the PMF well shown in Fig. 8. In order to ascertain the hydrophobic
origin of this metastable state, we computed the solvent-accessible surface-area (SASA) of
each AuNP pair as a function of its separation, cf. Fig. 11. The MUS™-MUS™ AuNP pair has
the largest SASA. As the separation is reduced, this pair's SASA changes significantly
whereas no other pairs suffer any such large changes. Thus the other four systems fail to
exhibit any behavior dominated by the hydrophobic contact.
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The PMFs of the remaining Systems Il to V (Fig. 9 and Fig. 10, top panels) share one
common feature along with the GS™-GS™ pair.3! At the separation equal to the AUNP
diameter (twice the peak distance of the terminal-group distribution shown in Fig. 6) plus
0.2~0.3 nm, there is a significant well in all the PMF curves. At this separation, there are a
number of counter-ions residing approximately on the plane in between the two AuNPs of a
given pair (Fig. 9 and Fig. 10, bottom panels). Each of these counter-ions forms “salt
bridges” (or “ionic bonds”) to the ligands on both AuNPs (Fig. 12). These salt bridges give
rise to the PMF wells shown in Fig. 9 and Fig. 10.

For convenience of discussion, let us define the “salt-bridge length” as the separation
between two AuNPs corresponding to the well bottom in the PMF curve. Comparing the
PMF of the MPS™-MPS™ pair (System 11) with that of the MPM*-MPM™ pair (System I11)
(Fig. 9, top panel), we note that the salt-bridge length of the MPS™-MPS™ pair is
approximately 0.1 nm shorter than that of the MPM*-MPM™* pair even though the two
ligands are similar in length. The size of the CI~ counter-ion is significantly larger than the
Na* counter ion. And the CI™-NH *5 attraction is much weaker than the Na*-SO3~
attraction. These two factors combine to produce weaker and longer salt bridges between the
MPM*-MPM* pair than the MPS™-MPS™ pair. Moreover, there are fewer Cl- counter-ions
in between the MPM*-MPM* pair forming fewer MPM*-CI~-MPM™ bridges (Fig. 9, bottom
panel). Together these lead to the PMF well depth of only 5 kgT for System Il vs. the PMF
well depth of 23 kgT for System II. Therefore, MPS™ coated AuNPSs have a much stronger
aggregation affinity than MPM™* coated AuNPs. The dissociation constants are predicted to
be pkp=11 for MPS-AuUNPs vs pkp=1.3 for MPM-AuNPs.

The characteristics of the pMBA™-Na*-pMBA™ bridges of System IV vs. the pMBM*-CI-
pMBM™ bridges of System V (Fig. 12, bottom panels) can be understood in ways similar to
the discussion of Systems Il vs I11. Again, the size of the CI™ counter-ion is significantly
larger than the Na* counter-ion. And the CI™-NH3™" attraction is much weaker than the Na*-
CO,™ attraction. These make the pMBA™-Na*-pMBA™ bridge shorter and stronger than the
pMBM*-CI~-pMBM™ bridge. Correspondingly, the PMF well locations are displaced as in
Fig. 10 (top panel). Additionally, there are fewer pMBM™*-CI~-pMBM™* bridges (Fig. 10,
bottom panel). Altogether, System IV has a much deeper well than System V (Table 4).
Therefore, pMBA™ coated AUNPs have a much stronger aggregation affinity than pMBM*
coated AuNPs in physiological saline. The dissociation constants are predicted to be
pkp=8.5 for pMBA-AUNPs vs pkp=4.5 for pMBM-AuNPs.

It is also interesting to note the difference between System Il (the MPS™-MPS™ pair) and
System IV (the pMBA™-pMBA™ pair). Since MPS™ is more flexible than pMBA™, the
ligands of System 11 can bend slightly to form additional MPS™-Na*-MPS™ bridges as
compared to the ligands of System IV. Compare Fig. 9 bottom left panel vs. Fig. 10 bottom
left panel. Therefore, MPS-AuNPs have a greater affinity than pMBA-AuUNPs.

When the AuNP pairs of Systems Il to V are separated at a distance significantly longer than
the corresponding salt bridges, the Coulombic repulsion between the two AuNPs is largely
screened out. This is particularly true for Systems IV and V as the ligands of these two
systems are rigid. The very small fluctuations of the ligands (Fig. 4) enable nearly complete
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neutralization of the AuNP charge by the counter ions, as indicated by Fig. 6. (ESI, Fig. S10
presents snapshots of the systems at the long range). Consequently, their PMF curves flatten
out in the range of separation larger than the corresponding salt bridges (Fig. 10, top panel).
In Systems 11 and I11, the ligands are flexible and fluctuate more than the other two cases
(Fig 4). The counter ions do not neutralize the AuNPs as completely as the other two cases
(Fig. 6). The residual charges give rise to the repulsive regime for AUNP pair separation up
to about 1 nm beyond the corresponding salt bridges (Fig. 9, top panel). At that stage,
another attractive regime emerges. The MPS™-MPS™ pair has a PMF well located at 4.9 nm
and the MPM*-MPM* pair at 4.6 nm. This attractive regime resembles the attraction
between two like-charged colloids in electrolyte solution29-30 mediated by the counter ions
that are distributed with a higher density in the inter-AuNP space.

Range of solution pH

In this study, we assume all the ligand terminal groups are fully charged. This assumption is
valid in a good range of pH values around the physiological pH. For pH 6 and above, the
four negatively charged ligand terminal groups remain practically fully charged because
their pKa values are around 4. For pH 8 and below, the two positively charged ligand
terminal groups remain approximately fully charged because their pKa values are greater
than 10. Extending the study of Systems I, Il, IV, and VI to pH below 6 will involve the four
negatively charged ligands becoming partially charged depending on the pH. Going to pH
above 8 will have the two positively charged ligands of Systems 11l and V becoming
partially charged.

Multiple-AuNP interactions

This study is on the basis of the PMFs of AuNP pairs, assuming that multiple-AuNP
interactions can be approximated as sums of pair interactions. This assumption is valid for
most experimental situations because, even if the multiple-AuNP interactions cannot be
completely represented by sums of pair interactions, pairwise interactions generally play the
largest, if not dominant, role. Corrections beyond the pairwise interactions are expected to
be smaller terms as they are proportional to the third power of the AuNP concentration. And
the AuNP concentration is always very small in comparison with the solvent or ion
concentrations due to the dimension of an AuNP being at least 10 times the dimension of a
water or ion. These corrections can be computed in terms of PMFs of three or more AuNPs.

CONCLUSIONS

Comparing the PMF profiles of the AuNP pairs functionalized with charged ligands in saline
with neutralizing counter ions, we draw the following conclusions:

1. AuNPs coated with long flexible ligands are not effectively neutralized by counter-
ions. They carry a significant residual amount of charges giving rise to repulsion
when their separation is one to two times their diameter and, consequently, they
should fail to aggregate in close contact. The narrow range of attraction due to
hydrophobic contact is theoretically predicted as a consequence of the long ligands
bending collectively so that their terminal groups move out of the interspace
between the AuNPs. The binding affinity of this attraction is very weak.
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Aggregation in this hydrophobic contact state can only happen at very high
concentration of AuNPs in saline. However, there is a stronger attractive regime
when the two AuNPs are separated slightly more than two times their diameter.
Therefore they are expected to aggregate more readily in that state. In contrast,
AUNPs coated with short ligands are more effectively neutralized by counterions
and thus behave very differently.

The Na* counter ions form very strong salt bridges between AuNPs coated with
short, negatively charged ligands, resulting in a high inter-NP affinity likely to
cause aggregation in the state of close contact. In this aggregated state, the AuUNPs
are separated only by a monolayer of Na* counter-ions. And the computed value of
dissociation constant, in the picomolar- to nanomolar-range, means that those
AuNPs always aggregate in an aqueous environment with sufficient supply of Na*
counter ions. However, such salt bridges should be weakened and, consequently,
aggregation minimized, by replacing Na* with larger cations.

The CI™ counter ions also form salt bridges between AuNPs coated with short,
positively charged ligands, but the strength of CI~ mediated bridges are weaker in
strength and fewer in number. Consequently, AuNPs coated with positively
charged ligands can aggregate in close contact state in aqueous solution with
sufficient supply of CI™ counter-ions. The dissociation constants are predicted to be
in the micromolar- to millimolar-range. However, replacing CI~ counter ions with
smaller or stronger anions such as F~ may greatly enhance the aggregation affinity
of AuNPs coated with positively charged ligands.

Finally, we speculate that certain conclusions drawn in the work for functionalized AuNPs
may be applicable to globular, strongly charged proteins in aqueous solutions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Equilibrium structures of the five Auq44(SR)gp NPs shown on a common scale (bar length =

1.0 nm). The ligand RS-groups are: 11-mercapto-1-undecanesulfonate —SC11H»2(SO3")
(MUST, top left), 5-mercapto-1-pentanesulfonate —SCsH1o(SO3™) (MPS™, top right), 5-
mercapto-1-pentaneamine —SCsH1o(NH3%) (MPM*, center), 4-mercapto-benzoate
—-SPh(COO") (pPMBA™, bottom left), and 4-mercapto-benzamide —~SPh(CONH3™) (pMBM™,
bottom right). The effective diameter of the inorganic Auj44Sgg core is 2.0 nm. The Au and
S atoms are represented as large spheres (van der Waals), and the ligands are in the ball-and-
stick (CPK) representation (Au: pink. S: yellow. O: red. C: cyan. N: blue. H: white). All
graphics were rendered with VMD?32,
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Fig. 2.

Rigidity of the inorganic core, Au144Sgp. The RMSD of the Auq14 inner core, top. The
RMSD of the AuzpSgg outer shell, bottom. One point was plotted per 0.5 ns. The AuNP's
overall diffusion and rotation was excluded. The outer shell thus presented higher
fluctuations than the inner core. On the right is shown an image of the inner Auq14 inner
core as golden spheres, and the shell AuzpSgg core in the ball-and-stick representation: Au,
red; S, black. For comparison, interatomic bond distances are typically 0.30 nm (Au-Au) and
0.24 nm (Au-S).
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Fig. 3.
The in silico cell of physiological saline for system I: two AuNPs each coated with 60

MUS™, ina 10 x 10 x 20 nm aqueous cell, neutralized and salinated by 150mM NacCl, for a
total of 190,616 atoms.
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Fig. 4.
The RMSD of the terminal groups of the 60 RS-ligands, excluding the AuNP's overall
diffusion and rotation. Note the the vertical scale is compressed 25-fold vs. that in Fig. 2.
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Fig. 5.
The water-AuNP pair correlation with respect to the surface of the AuNP (including all
ligand atoms).
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The radial density distributions of the terminal groups (top) and the absolute value of the
ionic charge density distributions (bottom). For MUS™ and MPS™ ligands, only the sulfonate
S-atom of the terminal group was selected; and for the pMBA™ and pMBM* ligands, only
the farthest carbon atom from the NP surface was selected. In the Sl is presented the density
distributions of the terminal groups, and the Na* and CI~ ions for each system separately
(ESI, Figs. S4-S5). The peak position of the terminal-group distribution (top) is
approximately equal to the radius of the AuNP as a whole (core plus ligands).
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Fig. 7.
The Na* counter-ion drags its strongly-bound hydration shell towards SO3~ terminal group,

top left, and bonds by ionic contacts both to the terminal group and water, top right. A CI~
counter-ion drags its weakly-bound hydration shell towards the NH3* terminal group,
bottom left, and bonds by hydrogen bonds both to water and the terminal group, bottom
right. A cutoff distance 0.35 nm and a cutoff angle of 30° was considered for the hydrogen
bonds two values were taken from Ref. 50). Color code: S, yellow; O, red; C, cyan; white;
N, blue; Na*, blue; CI~, purple; hydrogen bonds, white.

Phys Chem Chem Phys. Author manuscript; available in PMC 2016 February 07.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Villarreal et al.

70 @

T T T T T
- R1=MUS", R2=MUS"
60 S.D.

PMF(r)/kgT

Fig. 8.

The PMF of the MUS™-MUS™ AuNP pair as a function of center-to-center distance r

—
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between the cores, top. Bottom, snapshots of the AuNPs, each a different color to facilitate
their distinction (the terminal groups were represented as spheres without atomic detail).
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Fig. 9.

Tc?p, the PMF profiles of the MPS™-MPS™ (red) and MPM*-MPM™* (green) AuNP pairs are
displayed as a function of the center-to-center distance between the cores. Bottom, the
AUNP pairs positioned, as at the well bottoms, r=3.3nm for pMPS™ pair (left) and r=3.4nm
for pMPM™ pair (right) respectively. Au (yellow), Na* (blue), and CI~ (purple) are shown as
balls. Waters within 0.35 nm of the ions are shown in ball-and-sticks. The ligands are shown
in licorice colored by atom name.
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Fig. 10.
Top, the PMF profiles of the pMBA™-pMBA" (red) and pMBM*-pMBM™* (green) AUNP

pairs as a function of the center-to-center distance between the cores. Bottom, the AUNP
pairs positioned as at the well bottoms, r=3.2 nm for pMBA™ pair (left) and r=3.3 nm for
pMBM™ pair (right) respectively. Structure representation is identical to Fig. 9.
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The solvent-accessible surface area (SASA) of the AuNP pairs vs the separation, as
calculated from the SMD runs. The small-r terminus was set where the steep inter-AuNP
repulsion starts to dominate. The jumps reflect the 1 ns equilibration that occur between
every section. The radius of each atom of the hydrophobic regions was extended by 1.4 A to
find the points on a sphere that are exposed to the solvent.
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Fig. 12.

Close-up view of salt bridges between two AUNPs: System Il, MPS™—Na*-MPS™ (top, left),
System 111, MPM*-CI"—MPM* (top, right), System 1V, pMBA™—Na*-pMBA™ (bottom,
left), and System V, pMBM*—CI~-pMBM™* (bottom, right). Au (gold), S (yellow), Na+
(blue), and CI~ (purple) are represented by large spheres. Waters within 0.35 nm from the
ions/terminal groups are shown as ball-and-sticks (oxygen, red and hydrogen, white). The
ligands are in licorice colored by atom names (carbon, cyan; hydrogen, white and nitrogen,
blue).
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Comparison of ligand properties.

Property NP1 NP2
Length MUS™ longer than ~ MPS~
Charge sign MPS~ oppositeto  MPM*
pMBA~ oppositeto  pMBM*
Flexibility MPS~ greater than  pMBA-
MPM*  greaterthan pMBM*
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Table 2

Systems of paired NPs.

System  AuNPI ligand and charge.  AuNP2 ligand and charge.

|
1
11
\Y
\Y

MUS™ (-60¢) MUS™ (-60e)
MPS"~ (~60€) MPS~ (-60€)
MPM?* (+60¢) MPM* (+60e)
pMBA™ (-60e) pMBA™ (-60e)
pMBM* (+60€) pMBM* (+60e)
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Table 3

Self-diffusion coefficients for 20 ns in the NPT ensemble (nm2/ns).

Control R=MUS~ R=MPS~ R=MPM* R=pMBA~ R=pMBM*

ClI- 15 15 15 11 1.4 11

Na* 0.9 0.8 0.7 0.9 0.6 0.9
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PMF wells (depths and separations) and aggregation affinities.

Systems: AuNP pairs | Well depth | Well location | pkD
System | 8 kgT ~2.5nm 1.7
MUS"MUS"~ 14 kgT ~5.7nm

System Il 23 kgT ~3.3nm 11
MPS™-MPS~ 7kgT ~4.9 nm

System 111 5kgT ~3.4nm 13
MPM*-MPM* 8 kgT ~4.6 nm

System IV 19 kgT ~3.2nm 8.5
pMBA~-pMBA"~

System V 9 kgT ~3.3nm 45
pMBM*-pMBM*

Reference3! 21 kgT ~3.7nm 10.5
GS™-GS~ 6 kgT ~5.1nm
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